The survival of patients with metastatic or relapsed Ewing sarcoma (ES) remains dismal despite intensification of combination chemotherapy and radiotherapy, precipitating the need for novel alternative therapies with minimal side effects. Natural killer (NK) cells are promising additions to the field of cellular immunotherapy. Adoptive NK cell therapy has shown encouraging results in hematological malignancies. Despite these initial promising successes, however, NK cell therapy for solid tumors remains to be investigated using in vivo tumor models. The purpose of this study is to evaluate the efficacy of ex vivo expanded human NK cells in controlling primary and metastatic ES tumor growth in vitro and in vivo. Using membrane-bound IL-21 containing K562 (K562-mbIL-21) expansion platform, we were able to obtain sufficient numbers of expanded NK (eNK) cells that display favorable activation phenotypes and inflammatory cytokine secretion, along with a strong in vitro cytotoxic effect against ES. Furthermore, eNK therapy significantly decreased lung metastasis without any significant therapeutic effect in limiting primary tumor growth in an in vivo xenograft model. Our data demonstrate that eNK may be effective against pulmonary metastatic ES, but challenges remain to direct proper trafficking and augmenting the cytotoxic function of eNK to target primary tumor sites.
Introduction
Ewing sarcoma (ES) is the second most common malignant sarcoma in childhood and the adolescent and young adult (AYA) population. Appearing as a small round blue cell tumor, ES often harbors the characteristic translocation t (11; 22) with diffuse CD99 expression on immunohistology. 1 Despite the overall improved outcome of localized ES with aggressive combination of chemotherapy, radiotherapy and surgery that results in a 5 y event-free survival of 75%, outcomes for metastatic and relapsed ES remain a major challenge, with a dismal 5 y event-free survival rate between 20-30%. 2, 3 Unfortunately, systemic chemotherapy trials have not been able to improve outcomes for patients with metastatic ES, with lung being the most frequent site of metastasis. For these patients, novel therapeutic approaches are urgently needed.
In recent years, antibody-mediated and cell-based immunotherapy approaches have enjoyed great successes in childhood cancers. Among those therapies, NK cells have gained considerable interests. NK cells are known for their natural ability to lyse tumor cells in vitro without the need for prior sensitization. 4 They are the major cytotoxic effector cells of the innate immune system, constituting 5-15% of mature lymphocytes. NK cells are defined phenotypically by the presence of CD16 or CD56 and the absence of CD3 and CD19. The cytolytic activity of NK cells is determined by the balance of signals from both inhibitory and activating receptors expressed on their surface. 5 The inhibitory receptors include killer immunoglobulin receptor (KIR), which recognizes HLA-A, B and C, and NKG2A/CD94, which recognizes HLA-E. Activating receptors include CD16, NKG2D (which recognizes MICA/B and ULBPs) and DNAM-1 (which recognizes CD155). 6, 7 Many tumor cells have been shown to upregulate activating receptor ligands, making them potential targets for NK cells. [8] [9] [10] Furthermore, tumor cells with low MHC class I expression are potentially even more sensitive to NK-mediated cytotoxic killing due to a lack of inhibitory signals through KIR or NKG2A. 11, 12 In this regard, ES has been shown to be exquisitely sensitive to NK cell killing in vitro.
NK cells have demonstrated anticancer effect in ongoing clinical trials. However, their widespread use is hampered by the ability to generate large numbers of these cells ex vivo. 16, 17 Moreover, the limited life span of NK cells in vivo is another crucial obstacle. In order to overcome those challenges, several methods have been examined to effectively expand NK cells. Using genetically modified K562 artificial antigen-presenting cells (aAPCs) as feeder cells, Denman and coworkers established an ex vivo method to expand NK cells with increased cytotoxicity and decreased senescence. 18, 19 Combining NK cell therapy with IL-2 infusion can possibly circumvent the limitation of limited in vivo life span. Genetically engineered aAPCs expressing membrane-bound IL-15 (mbIL-15) have been used to propagate clinical-grade NK cells for adoptive immunotherapy clinical trials, but ex vivo proliferation has been limited by telomere shortening. In contrast to mbIL-15, membranebound IL-21 (mbIL-21) expressing aAPCs promoted logphase NK expansion without evidence of senescence for up to 6 weeks of culture. [19] [20] [21] Here, we demonstrate that human NK cells expanded using genetically modified mbIL-21 K562 aAPCs can potently inhibit ES pulmonary metastasis in NSG mice.
Results

TC106 does not express HLA-ABC and expresses NKG2D and DNAM-1 ligands
To investigate the effectiveness of ex vivo expanded NK cells (eNK) against ES, we chose TC106 cell line, which was derived from an 19 y old patient with pelvic ES that harbored the t(11; 22) translocation and spontaneously metastasizes to the lungs upon subcutaneous inoculation. 22 We first sought to determine whether TC106 expresses MHC class I and/or NK cell recognition ligands, as the presence of these molecules is important for sensitizing NK cell killing. At baseline, TC106 does not express appreciable HLA-ABC and does not upregulate HLA-ABC after 24 h exposure to IFNg (Fig. 1A) . In addition, TC106 expresses high levels of ULBP-1 and CD155, the ligands for the activating NK receptors NKG2D and DNAM-1, respectively (Fig. 1B) . The lack of HLA-ABC and presence of NK activating ligands indicate that TC106 is a suitable target for NK cell therapy.
Human NK cell purification and expansion
Consistent with previous reports, we were able to successfully expand peripheral blood-derived NK cells ex vivo using the K562-mbIL21 aAPC system generously provided by Dean Lee (Nationwide Children's Hospital, Columbus, Ohio). 19 First, NK cells were isolated from PBMCs using an NK enrichment kit with CD3 depletion. Irradiated feeder K562-mbIL-21 cells were then co-cultured with the NK cells in the presence of human IL-2 (50 U/mL). Every week for a total of 3 weeks, NK cells were re-stimulated with irradiated K562-mbIL-21 and fresh hIL-2. Using this method, we were able to exponentially expand NK cells 25,000 to 90,000-fold from different donors (Fig. 2) , which is within the range of expansion as previously reported. 18 
Phenotypic characterization of expanded human NK cells
We assessed surface expression of the major NK receptors as well as intracellular cytokine content in the eNK cells. Flow cytometric analysis of the eNK cell population revealed that these cells maintain important surface markers of functional NK cells after 21 d (Fig. 3A) . There was no CD3 contamination, confirming efficient CD3 depletion on day 0. NK activating receptors NKG2D and DNAM-1 (CD226) were upregulated by day 7 and maintained at high levels throughout the subsequent 2 week expansion period (Fig. 3B) . We did not observe any significant expression of CD244 or PD-1 on eNK cells at any time during expansion, consistent with previous reports. 18 As for homing receptors, CXCR3 was upregulated at day 7 and continued to increase with time, reaching maximal expression at day 21 (Fig. 3C ). Consistent with acquisition of an activated phenotype, CD62L expression was downregulated at day 14 through day 21, while the lymph node homing receptor CCR7 was absent on eNKs (Fig. 3C ). In addition, modest increases in CXCR6, CCR5 and CCR6 expression were observed over time, while CXCR1, CXCR4, CCR4, CCR9 and CX3CR1 remained low at day 21 ( Fig. S1 ), consistent with previously reported profiles for freshly isolated CD16 C NK cells. 23 Intracellular staining for perforin, granzyme B, IFNg and TNFa revealed that these cytotoxic molecules as well as surface FasL were all maintained throughout expansion ( Fig. 3D ).
Expanded NK cells are cytotoxic against TC106 in vitro
In order to test eNK cytotoxic function, we used an in vitro Pantoxilux assay with TC106 as the target cells. Using eNKs from different donors, we found that both day 14 and day 21
eNKs are able to efficiently kill TC106 at varying effector-totarget ratios over the course of 2 h ( Fig. 4A and B) . While day 21 eNKs appeared to be slightly more cytotoxic than day 14 eNKs, there was no statistical difference between day 14 and day 21 eNK cytotoxicity, consistent with the similar NK activating receptor profile and cytotoxic molecular expressions as observed by flow cytometry (Fig. 3 ).
Expanded NK cells decrease the number of pulmonary metastatic nodules in vivo
In order to test the differential potential of eNK cells to control various ES sites in vivo, we inoculated NSG mice subcutaneously with TC106, which grows progressively and readily metastasizes to the lungs over a 2-3 week window. As opposed to metastatic models involving direct intravenous inoculation of tumor, our approach allowed us to interrogate tumor control by eNK cells at both the primary and metastatic tumor sites. Shortly after tumor inoculation, we began weekly treatment of mice with 30 £ 10 6 eNK cells given i.v. supplemented with hIL-2, and measured primary tumor progression until a 2 to 3 week time point ( Fig. 5A and B). Throughout the whole treatment regimen, mice steadily gained weight and generally appeared healthy, indicating that this high dose of eNK therapy is safe (Fig. S2) . We found that repeated weekly administration of eNKs was unable to influence the rate of primary tumor growth, as the tumor size and weights showed no difference between treated and control groups at the end of therapy period. This is likely a result of the inability of eNK to home to the primary tumor site, as assessed by two-photon imaging of explanted tumor tissues (Fig. S3A) .
Interestingly, however, weekly i.v. administration of eNKs was able to significantly reduce the number of ES lung metastases at the end of 3 weeks of therapy, with clear gross and microscopic reduction in tumor burden (Fig. 5C ). As eNKs largely home to the lung after i.v. administration (Fig. S3B) , efficient tumor control in this important metastatic site may benefit from this trafficking Figure 4 . TC106 Ewing sarcoma cells are sensitive to eNK cell killing in vitro. eNK cells from donor 1 (A) and donor 2 (B) were used in the Pantoxilux flow cytometric assay to quantitate early cytotoxicity as measured by granzyme B and upstream caspase cleavage at 2 h of co-incubation. Figure 5 . eNK therapy inhibits pulmonary metastases but not primary tumor growth. NSG mice were inoculated with 50,000 TC106 cells s.c. and given hIL-2 and/or eNK therapy, followed out to 21 d (A) and 28 d (B) with primary tumor measurements. In (C) day 28 mice lungs were dissected for gross examination (left) and both day 21 and day 28 metastases were quantified following sectioning (right). Unpaired t test was used to calculate significant differences in tumor size.
tropism of eNK. In addition, we see that eNKs also home to spleen and liver after adoptive transfer, which may help protect these organs from metastases ( Fig. S3C and D) . Based on these studies, we believe that eNK therapy may be beneficial in humans with lung invasive ES.
Discussion
Intensification of salvage chemotherapy has not made any significant impact on long-term survival in patients with metastatic or relapsed ES, even when combined as multimodal therapy or stem cell transplantation. 24, 25 Ongoing excitement in the development of novel immunotherapeutic strategies holds promise in improving the treatment outcome of advanced stage ES. 26 Here, using a spontaneous metastatic xenograft model of ES, we show that ex vivo-expanded NK cells were able to inhibit ES lung metastasis in NSG mice, although they were not effective in reducing primary ES tumor burden in peripheral sites.
NK cells are the major cytotoxic effector cells of the innate immune system. 27 NK cells harvested from donor blood leukapheresis have limited viability and life span in vitro. Several methods have been investigated in order to effectively expand, maintain and activate NK cells to facilitate treatment in vivo, but these efforts have been limited by senescence of eNK cells resulting from telomere shortening. To circumvent this challenge, we used genetically modified K562 aAPCs expressing mbIL-21 to expand human NK cells ex vivo, which has been developed by Denman and colleagues to enable sustained ex vivo expansion of NK cells with increased telomere lengths and greatly reduced senescence. 19 Using this method, we were able to expand NK cells successfully with up to tens of thousands fold expansion, consistent with the results reported by Denman et al. We observed some variability in overall yield from donor to donor, but the mean fold-expansion remains superior to other expansion platforms.
Our rationale behind using eNK cells to treat ES comes from a handful of published reports indicating a preferentially high NK cytotoxicity against ES. [28] [29] [30] In a more recent report, it has been shown that among pediatric solid tumors, ES cells are exquisitely sensitive in vitro to the cytotoxicity exerted by activated eNK cells. 13 The authors demonstrated that eNK cells could kill nearly all ES cells within 4 h at 1:1 effector-to-target ratio. Verhoeven and coworkers have confirmed these results, concluding that cytokine-activated NK cells rather than resting NK cells might be instrumental in optimizing NK cell reactivity to ES in immunotherapy settings. 15 NK cell recognition of targets cells is a complex interplay between both activating and inhibitory receptors and their corresponding ligands. The balance between activating and inhibitory signals will, for the most part, determine NK cell killing and activation. 31 The interaction between the activating receptors, NKG2D and DNAM-1, on the surface of NK cells with their corresponding ligands on ES cells (ULBP1-6, MICA/B and CD155, CD112, respectively) are critical for NK cytotoxicity against ES, as interference with these molecules reduced cell killing considerably. 13, 15 On the other hand, the presence of the major histocompatibility complex (MHC), also known as human leukocyte antigen class I (HLA-I), on target cells serves as an inhibitory ligand for MHC class I-specific receptors (KIRs) on NK cells upon binding. Consequently, those tumors that do not express HLA-I and are therefore thought to be capable of evading a cytotoxic T-cell-mediated attack may become susceptible instead to a NK cell-mediated immune response. Complete or partial absence of HLA-I expression was observed in 79% of ES tumors among six ES cell lines, with lung metastasis consistently lacked HLA-I expression. 11, 12 We observed in our ES cell line (TC106) an absence of MHC class I expression even after IFNg stimulation, which would theoretically decrease inhibitory signals to NK cells. Moreover, we also observed the expression of the NKG2D ligand ULBP-1 and the DNAM-1 ligand CD155 on TC106, which may again potentially increase activation signals to NK cells. Taken together, both the increased activation and decreased inhibition of NK cells by ES suggest a favorable scenario for NK cell immunotherapy against ES.
Our eNK cells were phenotypically consistent with those expanded by Denman and colleagues. Throughout the 3 week expansion process, we showed upregulation of the activating receptors NKG2D and DNAM-1 along with high expression of intracellular granzyme B and perforin in addition to IFNg and TNF-a. In addition, we also detected expression of the homing CXCR3 with downregulation of CD62L and absent CCR7 over time. Therefore, we expect eNK cells to have high cytotoxicity and cytokine secretion against tumor targets, as long as they are able to home efficiently to the tumor site expressing ligands to CXCR3, CXCL9/CXCL10. Day 21 eNK were somewhat more cytotoxic in vitro compared to day 14 eNK cells. The reason for this is not clear but could be due to upregulation of the homing receptor CXCR3 during the last week of expansion, as previous reports have shown improved migration capacity of NK cells with higher CXCR3 expression toward solid tumors, which was dependent on tumor-derived CXCL10. 32 Clinically, lung is the most common site of metastasis in ES and the majority, if not all, of advanced stage patients show pulmonary metastases. Therapies that can control lung metastasis would significantly impact the survival of this subset of patients who face otherwise dismal prognosis. Few groups have investigated the effect of NK cells on lung metastasis in tumor types other than ES. Guma and colleagues showed that NK cell therapy and aerosol IL-2 has some efficacy against osteosarcoma lung metastasis. 8 Hong and coworkers demonstrated that NK cells inhibited lung metastasis of hepatocellular carcinoma but did not inhibit tumor growth in the liver of nude mice. 9 IL-2 is routinely used to maintain and sustain the activation and viability of injected NK cells in vivo. In our NSG xenograft model, we evaluated the activity of eNK cells to control primary and metastatic tumor. We show a significant decrease in both micro-and macro-metastasis in the NK-treated group. These data were consistent with mice weights, as none of the NK-treated mice lost weight over time, while a number of the control mice began to lose weight in the last week of study. However, these very encouraging results against metastatic disease were not associated with any significant differences in primary tumor size between the control and the NK groups. There could be many reasons for this observation: first, there is likely inadequate homing of i.v. injected eNK cells to primary tumor. Second, even if eNK cells homed successfully, they may become dysfunctional due to an immunosuppressive tumor microenvironment. These challenges may be addressed in future studies investigating approaches such as intratumoral NK injections, modification of tumor microenvironment, and modulation of eNK homing receptors. An interesting observation from our study is that hIL-2 control group lungs were qualitatively worse compared to the tumor only group. We hypothesize this could be a side effect from hIL-2 in the lung tissue, which may cause leaky blood vessels and promote metastasis through hematogenous and local spread.
One limitation of our current study is lack of a detailed dissection on the regulation of NK homing and trafficking receptors over the course of ex vivo expansion. As we show downregulation of CD62L and disappearance of CCR7 with sequential expansion, it can be argued that day 7 eNK cells might be better NK cell source to use for hematological malignancies, while NK cells from longer expansions may be more suitable for solid tumors in peripheral sites. In addition, the mechanism underlying NK-mediated inhibition of ES lung metastasis is unclear. Previous studies have demonstrated that NK cell receptors, including NKG2D and DNAM-1 and their corresponding ligands, may play an important role in NK killing of ES.
In conclusion, our data show that eNK cell therapy inhibits ES lung metastasis, although eNK cells do not inhibit primary tumor growth. This therapy may therefore be a new therapeutic approach for patients with metastatic or relapsed ES who otherwise carry dismal prognosis. In order to increase NK cytotoxic capacity in vivo, functional enhancers such as IL-15 superagonists and TGF-b antagonists may improve eNK lifespan and efficacy. [33] [34] [35] Further investigations are needed to identify mechanisms that enable NK cells to inhibit cancer metastasis and clarify strategies to enforce efficient NK homing to primary tumor sites for therapies against solid tumors including ES.
Materials and methods
Ewing sarcoma cell line and culture TC106 is a ES cell line harboring the classical t(11; 22) translocation that was derived from a 19 y old male with ES which arose in the pelvis and demonstrated widespread metastasis to bone, bone marrow and lungs. 22 The line was established from a scalp mass from this male patient in 1982. TC106 cells were cultured in RPMI 1640 medium (Corning) supplemented with 10% fetal bovine serum (Gemcell), 2 mmol/L L-glutamine (Corning), 1 mmol/L sodium pyruvate (Corning), 1 mmol/L nonessential amino acids (Corning), and 1£ penicillin/streptomycin (Corning). TC106-GFP cells were created by stably transfecting TC106 cells with eGFP under puromycin selection.
Human NK cells isolation, purification, ex vivo expansion and culture
Peripheral blood was obtained from healthy adult volunteer donors at the Case Comprehensive Cancer Center following informed consent. Human NK cells were harvested from buffy coat fractions using Ficoll-Paque (GE Healthcare) and the Human NK cell Isolation Kit (Miltenyi Biotec Cat. 130-092-657) by negative selection. Post-selection purity by flow cytometry staining for NK cell markers was routinely over 80-90%. NK cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum, 2 mmol/L L-glutamine, 1 mmol/L sodium pyruvate, 1 mmol/L nonessential amino acids, 1 £ antibiotic-antimycotic (Corning), and 50 IU/mL recombinant human IL-2 (rhIL2, PeproTech). Genetically engineered K562 cells with mbIL-21 were used as aAPCs after 100-Gy irradiation for in vitro expansion of isolated human NK cells. aAPCs were a generous gift from Dr. Dean Lee at Nationwide Children's Hospital. As previously described, 18 NK cell cultures were refreshed with complete media and hIL-2 every 3 d. Every 7 d the cultures were restimulated with aAPCs at 1:1 NK to aAPC ratio. The expansion process continued for 3 weeks. At the end of 21 d, eNK cells were counted and either used for in vitro and in vivo studies or cryopreserved in liquid nitrogen to be used for future experiments.
Flow cytometry
The phenotype of eNK cells was analyzed weekly using flow cytometry. The following mouse anti-human antibodies were used for staining: CD16 (3G8), CD56 (NCAM 16.2), NKG2D (1D11), DNAM-1 (DX11), CD3 (HIT3a) from BD PharMingen; CXCR1 (8F1), CXCR3 (CEW33D), CXCR4 (L276F12), CXCR6 (K041E5), CCR4 (L291H4), CCR5 (J418F1), CCR6 (G034E3), CCR9 (L053E8), CX3CR1 (2A9-1), Fas-L (NOK-1), IFNg (B27) from BioLegend; CD62L (DREG-56), intracellular Perforin (dG9), Granzyme B (GB11), and TNF-a (MAb11) from eBioscience. For surface staining, NK cells were resuspended in FACS buffer (0.5% FBS and 2 mM EDTA in PBS), blocked with 10% mouse serum for 30 min, then incubated with the indicated antibodies for 30 min at 4 C using concentrations recommended by the manufacturers. For subsequent intracellular staining, NK cells were stained using the BD Cytofix/Cytoperm Kit following manufacturer protocol. Data was acquired using a BD FACS Accuri C6 and analyzed using FlowJo v10.2 software. Isotype IgG antibodies were used as negative controls. Human NK cells were defined as CD16 
Animal experiments and quantification of lung metastases
Six-week-old male NOD SCID Gamma (NSG) mice were obtained from the in-house breeding facility. All mice were housed in standard cages at five mice per cage. NSG mice were split into three experimental groups: (1) TC106 only, (2) TC106 and hIL-2 and (3) TC106, hIL-2 and day 21 eNK cells. TC106 was injected subcutaneously in to the left thigh at a dose of 50,000 cells per mouse, and rhIL-2 was injected intraperitoneally at a dose of 25,000 IU per mouse daily for the first week then twice weekly after that. 30 £ 10 6 day 21 eNK cells were injected intravenously via tail vein at the time of TC106 injection then weekly thereafter. Mice weights and primary tumor size were measured twice weekly by digital scale and calipers, with tumor volume calculated as p £ long diameter £ small diameter £ small diameter. 36 All mice were sacrificed at day 21 or day 28 post TC106 injection. Upon sacrifice, all mice were dissected and organs including lungs, tumor, liver, spleen were isolated and frozen in OCT following overnight 10% formalin fixation. Samples were cryosectioned into 10 mm sections spanning the entire organ on a Leica Cryostat, followed by hematoxylin/eosin (IHC World) staining. Metastases in lungs sections were manually counted by microscopy (10-20 representative sections of lung/mouse), with the number of metastases normalized to the total number of sections counted. All animal experiments were performed in accordance with protocols approved by the Institutional Animal Care and Use Committee at Case Western Reserve University.
Multi-photon explant imaging of eNK organ homing NSG mice were inoculated with 50,000 TC106-GFP cells s.c. in the flank. At day 13-14 post inoculation, »30 £ 10 6 eNK cells were labeled with 5 mm SNARF-1 (Molecular Probes) then i.v. injected 24 h prior to explant multi-photon imaging of the primary tumor, lungs, spleen and liver using a Leica SP5 on a DM6000 stage fitted with a 16W IR laser (Chameleon; Coherent) tuned to 880 nm. Imaging data were subsequently processed in Imaris (BitPlane).
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